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Abstract 

We report the observation of longitudinal spin Seebeck effects (LSSE) in an all-oxide bilayer 
system comprising an Ir 02 him and an Y3Fe50i2 film. Spin currents generated by a temperature 
gradient across the Ir02/Y3Fe50i2 interface were detected as electric voltage via the inverse spin 
Hall effect in the conductive Ir 02 layer. This electric voltage is proportional to the magnitude of the 
temperature gradient and its magnetic field dependence is well consistent with the characteristic 
of the LSSE. This demonstration may lead to the realization of low-cost, stable, and transparent 
spin-current-driven thermoelectric devices. 
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The spin Seebeck effect (SSE) generates spin voltage in a magnetic material as a result 


of a temperature gradient 


19l |. Since the thermally generated spin voltage induces a 


spin current across the interface between the magnetic material and an adjacent conductive 
material, it can be detected as electric voltage via the inverse spin Hall effect (ISHE) in the 
conductive layer. Therefore, a magnetic/conductive bilayer system is commonly used for 
the SSE study jz-lO]. The SSE has attracted increasing attention because of the possible 


applications for thermoelectric conversion and spintronic devices 


16, 


20l |. and investigation 


of the SSE in various materials is important to further improvement of thermoelectric and 
thermo-spin conversion efficiency. However, all the experimental studies on the SSE to 
date have been performed using simple metals as conductive layers, while widen variety of 
materials have been investigated for the magnetic layer j?, y,Q. 

As alternate conductive materials for the SSE devices, conductive oxides can be good 
candidates because of the low cost, good chemical stability, and easy preparation of oxides. In 
addition, conductive oxide films can often be transparent. Therefore, the conductive oxides 
enable the construction of transparent thermoelectric and thermo-spin devices, making it 
more suitable for applications requiring transparency, such as applications to smart windows. 

In this work, we report the observation of the SSE in an all-oxide bilayer system com¬ 
prising a conductive Ir02 and a ferrimagnetic insulator Y 3 Fe 50 i 2 (YIG). Here, YIG is one 
of most widely used materials for spin-current studies since it has a small Gibert dam ping 
constant, long spin-wave-propagation length, and high electrical resistivity QMITI. I2ll-l28|. 


We select Ir02 for detecti^ the SSE since relatively-high spin-Hall angle has been reported 


in this conductive oxide 


24 


26|. Importantly, Ir02 is an n-type transparent semiconductor 




of which its work function is very close to metals, such as Ag [27|, making it easier to form 
an Ohmic contact between Ir02 and metallic electrodes j^. This situation is indispensable 
for detecting the ISHE in Ir02 if the output voltage is in the order of submicrovolts or less. 

To investi gate the SSE in the all-oxide system, a longitudinal configuration is employed 
in this work [l0|, lll|. In Fig. [^a), we show a schematic illustration of the experimental 
configuration and the sample structure of the Ir 02 /YIG bilayer film for measuring the lon¬ 
gitudinal SSE (LSSE). The single-crystalline YIG him was grown on a 0.5-mm-thick (111) 
Gd 3 Ga 50 i 2 (GGG) substrate by using a liquid phase epitaxy method. The thickness of 
the YIG him is about 4.5 pm. A 30-nm-thick Ir02 him was then deposited on the YIG 
him by using an rf-sputtering method at room temperature. As shown in Fig. [11(b), the 
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light transmittance of the 30-nm-thick Ir02 him is mnch higher than that of a conventional 
10-nm-thick Pt him in the visible light range. 

The LSSE measnrements were performed by using an experimental setup similar to that 
described in Ref. [n|. The Ir02/YIG sample with the size of 2 x 6 mm^ was sandwiched 
between two AIN heat baths of which the temperatures were stabilized to 300 K + AT 
and 300 K, where the temperature of the heat bath connected to the top of the Ir02 layer 
is higher than that connected to the bottom of the GGG substrate. The temperature 
difference AT was generated by using a Peltier thermoelectric module and detected by 
using thermocouples. 

The temperature gradient across the Ir02/YIG interface induces a spin current in the 
Ir02 layer along the direction normal to the interface if the magnetic moments in YIG and 
conduct ion-carriers’ spins in Ir02 are coupled via the spin-mixing conductance. This spin 
current is converted into an electric held Eishe by the ISHE in the Ir02 layer along the 
direction determined by the following relation: 


Eishe - 9, J. X — 


( 1 ) 


where jg, ^she, P, A, and d denote the spatial direction of the thermally generated spin 
current, spin-Hall angle, resistivity, spin-diffusion length, and thickness of the Ir02 him, 
respectively, is the real part of the spin-mixing conductance at the Ir 02 /YIG interface 
and M is the magnetization vector of the YIG him. In Eq. ([T]), we neglect the dihusion term 
of the spin current in the Ir02 him because d (= 30 nm) of our sample is much greater than 
A of Ir02 (= 3.8 nm |2^). The LSSE-induced Eishe in the Ir02 layer can be detected as 


an electric voltage signal Gshe = Eishe^ with Eishe and I respectively being the magnitude 
of Eishe and the ehective sample length. To measure Gshe induced by the LSSE in the 
Ir 02 /YIG sample, two silver-paste electrodes were attached to the ends of the Ir 02 layer 
with the interval of / = 4 mm and the electric voltage diherence V between the two electrodes 
was measured with sweeping an external magnetic held H at various values of AT. 

Figure [2]^b) shows the H dependence of V for various values of AT for the Ir02/YIG sam¬ 
ple, measured when the magnetic held was applied along the y direction. As AT increases, 
a clear voltage signal was found to appear in the Ir 02 layer in response to the magnetization 
reversal of the YIG layer, while no signal was observed at AT = 0 K. The voltage signal is 
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proportional to AT, and its linear fitting line shows that the thermopower in the Ir02/YIG 
sample is V/AT = 0.021 [see Fig. [2][c)]. These results indicate that the voltage 

signal is attributed to the ISHE in the Ir02 layer generated by the LSSE in the YIG layer. 

To further conhrm the origin of the thermoelectric voltage in the Ir02/YIG sample, we 
measured V with changing the angle of the external mangetic held. Figure [3] shows the H 
dependence of V for the Ir02/YIG sample at AT = 9 K for various values of the out-of-plane 
held angle 0h, where 0h is dehned as in the upper left panel of Fig. [3l When 6 'h ^ 0°, hnite V 
signals appear and their magnitude and sign systematically change with ^h- In contrast, no 
V signal was observed when the magnetic held is perpendicular to the him surface: = 0°. 

The 6 *h dependence of V in the Ir02/YIG sample is well reproduced by Eq. ([T]) combined 
with static demagnetizing helds in the YIG him (see Fig. 0]), consistent with the symmetry 
of the ISHE voltage induced by the LSSE. 

In Fig. |5l we show the comparison of the LSSE signals between the Ir02/YIG sample and 
conventional Pt/YIG sample. The Pt/YIG sample was prepared by sputtering a 10-nm-thick 
Pt him on YIG/GGG wafer, where the YIG hlms for the Ir02/YIG and Pt/YIG samples 
were grown at the same time. Both the samples have the same size (2x6 mm^) and the 
LSSE measurements were carried out in the same condition at AT = 9 K. The magnitude of 
the LSSE signal in the Ir02/YIG sample was found to be 68 times smaller than that in the 
Pt/YIG sample. Such a small LSSE signal in the Ir02/YIG sample is attributed not only 
to the thicker thickness of the Ir 02 layer but also to the small spin-mixing conductance at 
the Ir02/YIG interface; by using Eq. (II]) with 6*she • A = 0.152 nm 26| (0.188 nm 28|) and 
p = 2.7 X 10“^ Gcin (4.5 x 10“^ Gem) for the Ir02 (Pt) him and = 1.3 x 10^® m“^ at the 
Pt/YIG interface 29||, the spin mixing conductance at the Ir02/YIG interface is estimated 
to be = 1.2 X 10^® m“^. Therefore, improvement of the spin-mixing conductance at the 
conductive-oxide/magnetic-insulator interface is indispensable to realizing efficient all-oxide 
SSE devices, which may be achieved, for example, by improving crystalline structure of the 
interface by annealing treatment 29(|, by modulating carrier density in the conductive oxide 
layer, and by inserting magnetic interlayers between the conductive-oxide and magnetic- 


insulator layers 


30|. 


In summary, we measured the longitudinal spin-Seebeck effect (LSSE) in the all-oxide 
Ir 02 /Y 3 Fe 50 i 2 (YIG) bilayer him. The temperature-diherence, magnetic-held, and held- 
angle dependences of the thermoelectric voltage in the Ir 02 /YIG sample are well consistent 
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with the characteristics of the inverse spin-Hall effect in the Ir02 layer induced by the LSSE 
in the YIG layer. The LSSE voltage in the Ir02/YIG sample was observed to be much 
smaller than that in a conventional Pt/YIG sample, which may be attributed to the small 
spin-mixing conductance at the Ir02/YIG interface if the spin-Hall angle and spin-diffusion 
length of our Ir 02 him are assumed to be comparable to those reported by previous studies. 
Although an all-oxide system is one of promising candidates for realizing low-cost, stable, and 
transparent LSSE thermospin devices, major improvement of the spin-mixing conductance 
at conductive-oxide/magnetic-insulator interfaces is necessary. 
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FIG. 1: (a) A schematic illustration of the Ir02/YIG sample and experimental conhguration for 
measuring the LSSE. VT and H denote the temperature gradient and the external magnetic field, 
respectively. The sample was sandwiched between two AIN heat baths, of which the temperatures 
were stabilized to 300 K + AT and 300 K, respectively, (b) Gomparison of light transmittance 
spectra of a 30-nm-thick Ir02 film and a 10-nm-thick Pt film. The films were formed on glass 
substrates, and the contribution from the light transmittance of the substrates is subtracted. 



FIG. 2: (a) A schematic illustration of the Ir02/YIG sample, (b) H dependence of the electric 
voltage V in the Ir02/YIG sample for various values of AT. (c) AT dependence of V at H = 
+450 Oe in the Ir02/YIG sample, measured when VT was applied along the +z direction. 
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FIG. 3: H dependence of V in the Ir02/YIG sample at AT = 9 K for various values of the 
out-of-plane field angle 0 h- 



FIG. 4: 0H dependence of V in the Ir02/YIG sample at H = -|-450 Oe. The solid line was obtained 
by fitting the experimental data with Eq. ([T]) combined with static demagnetizing fields in the YIG 
film. 
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FIG. 5: H dependence of V in the Ir02/YIG (a) and Pt/YIG (b) samples at AT = 9 K. The 
thickness of the Ir02 (Pt) layer of the Ir02/YIG (Pt/YIG) sample is 30 nm (10 nm). 
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